1.. Introduction: context, background and emergence of the alkynylation of radicals
===================================================================================

Aliphatic alkynes are not often encountered in nature, with few notable exceptions.[@cit1] Due to their rare occurrence and exceptional reactivity, aliphatic terminal alkynes have been widely used as tags in selective bioconjugation.[@cit2] In addition, alkynes are introduced in drugs to provide specific properties such as rigidity and lipophilicity.[@cit3] For example, ethynylestradiol (**1**) for estrogen medication, efavirenz (**2**) for HIV antiviral treatment, the nonsteroidal anti-inflammatory parsalmide (**3**) and the antihypertensive pargyline (**4**) exhibit high bioactivity ([Fig. 1](#fig1){ref-type="fig"}).[@cit4] Alkynes are also widely used in material sciences.[@cit3] Due to the unique features of the C--C triple bond, alkynes play an important role in synthetic chemistry.[@cit5]

![Drugs containing aliphatic alkynes.](c9sc03033f-f1){#fig1}

Applications of alkynes are dependent on efficient synthetic methods to access them. Transformations involving transfer of the triple bond can be subdivided into three classes: (1) nucleophilic, (2) electrophilic, (3) SOMOphilic alkyne transfer ([Scheme 1](#sch1){ref-type="fig"}). Historically, chemists used the intrinsic acidity of the Csp--H bond (p*K*a around 24--26) to prepare internal alkynes in presence of a base and an electrophilic partner (typically aldehydes, ketones, imines and alkyl halides) ([Scheme 1A](#sch1){ref-type="fig"}).[@cit6] Terminal alkynes have been also broadly used in transition metal catalyzed cross-couplings, such as the Cadiot--Chodkiewicz and the Sonogashira reactions.[@cit7]

![The three possible types of alkyne transfer: (A) alkynes reacting as nucleophile; (B) reacting as electrophile; (C) reacting in radical-mediated processes.](c9sc03033f-s1){#sch1}

After Umpolung of the reactivity,[@cit8] the alkynyl moiety can be turned into an electrophile to react with nucleophiles, such as stabilized enolates ([Scheme 1B](#sch1){ref-type="fig"}).[@cit9] In that regard, several electrophilic reagents have been developed, such as halogenated alkynes (Br, I) and hypervalent iodine reagents.[@cit10] Most electrophilic alkynylations involve heteroatomic nucleophiles and arenes in presence of transition metal catalysts. The alkynylation of Csp^3^ centers is still very challenging using this approach.

In fact, this specific issue can be well-addressed using radical chemistry ([Scheme 1C](#sch1){ref-type="fig"}). This approach is often characterized by a high functional group tolerance, being also less sensitive to steric hindrance, resulting in easier formation of quaternary centers. Finally, the mild and often neutral reaction conditions allow more flexibility in the synthesis of alkynes. Nevertheless, SOMOphilic alkynylation faces many challenges. First, developing and harnessing new radical precursors is crucial to allow new disconnections. Then, developing milder reactions conditions is an important goal, as UV light or tin mediated transformations originally developed are not attractive for applications. Finally, to increase the efficiency of SOMOphilic alkynylations, MCRs, asymmetric transformations and more atom--economic reactions are current hot topics of investigation.

The alkynylation of heteroatom-centered radicals has been limited to the sole alkynylation of sulfonyl and phosphoranyl radicals. Therefore, the present review will cover mostly radicals located on a carbon atom ([Fig. 2](#fig2){ref-type="fig"}). Csp centered radicals are rare due to their very high energy, even if they would enable general alkynylation methods and are regularly proposed as intermediates. Due to the strong Csp--H bond (130 kcal mol^--1^), alkynyl radicals react fast with C--H bonds. In addition, low selectivity is observed in the reaction with aromatic rings.[@cit11] More stable aryl and vinyl radicals have been regularly used in alkynylation. Nevertheless, functionalization of these Csp^2^ centered radicals remains a challenge as they are still reactive species, which can lead for example to H-abstraction from solvents. Finally, radicals located at a Csp^3^ center are the privileged SOMOphilic species for alkynylation and can be divided in different classes depending of their substitution patterns (primary, secondary, tertiary and stabilized by heteroatoms or conjugation).

![Commonly used radicals (A) and reagents (B) in SOMOphilic alkynylation. Molecular weight of the radical leaving group is written in parenthesis in g mol^--1^.](c9sc03033f-f2){#fig2}

The most used alkynylating reagents in radical chemistry are listed in [Fig. 2B](#fig2){ref-type="fig"}. Halogenoalkynes and aryl- and trifluoromethyl-sulfones were the first and are still broadly used reagents. In addition, hypervalent iodine reagents, especially ethynylbenziodoxolones (EBX), exhibit high reactivity in SOMOphilic alkynylation. All the previous reagents possess a good leaving group as substituent, that can be either easily quenched, or on the contrary, be able to carry a possible propagation chain. Finally, to avoid multi-step syntheses and considering atom-economy criteria, the ideal reagent would be the terminal alkynes.

In this review, methods for SOMOphilic alkynylation which appeared until May 1, 2019 will be presented, divided into five parts: (1) classical methods and reagents; (2) the photoredox catalysis revolution; (3) the use of transition metal catalysis; (4) asymmetric transformations; (5) the use of internal migration for remote alkynylation.

2.. Classical methods for the alkynylation of radicals
======================================================

Alkynylsulfones were the first successful reagents for the alkynylation of carbon radicals. The reaction is assumed to proceed *via* an α-addition/β-elimination sequence ([Scheme 2](#sch2){ref-type="fig"}).

![Putative mechanism using ethynylsulfone reagents.](c9sc03033f-s2){#sch2}

The first radical alkynylation was developed by Russel and Ngoviwatchai using alkylmercury halides as substrates and iodoalkynes or alkynyl sulfones as reagents ([Scheme 3](#sch3){ref-type="fig"}, eqn (1)).[@cit12] Then, Fuchs and coworkers introduced alkynyltriflones as new alkynylating reagents and developed a metal free radical alkynylation of heterocycles, ethers, sulfides and hydrocarbons (eqn (2)).[@cit13] Hydrogen Atom Transfer (HAT) process and propagation by releasing SO~2~ and CF~3~ (or perfluoroalkyl) radicals as radical chain carriers have been proposed for the reaction mechanism.[@cit14] The reaction can be initiated either by traces of peroxides/oxygen, by AIBN or by UV irradiation. This transformation could be also used for the functionalization of carbonyl C--H bonds[@cit15] and alkyl iodides (eqn (3)),[@cit16] which proved to be highly useful for the total synthesis of (+) and (--) nigellamine A~2~ (**7**),[@cit17] and mandelalide A.[@cit18]

![Pioneering reports on SOMOphilic alkynylation of alkyl radicals using alkynylsulfone reagents and application to the total synthesis of nigellamine A~2~ (**7**).](c9sc03033f-s3){#sch3}

In 2006, Renaud and coworkers developed an alkynylation of alkylcatecholboranes with alkynyl sulfones. Starting with hydroboration, a practical one-pot hydroalkynylation of olefins was realized ([Scheme 4](#sch4){ref-type="fig"}, eqn (1)).[@cit19] Finally, Landais reported the carboalkynylation of alkenes using xantates as electrophilic radical source (eqn (2)).[@cit20]

![Alkynylation of olefins using alkynylsulfone reagents.](c9sc03033f-s4){#sch4}

In 2013, various reactive C--H bonds (C~α~ of alcohols, ethers, amines, amides and ureas) were alkynylated by Inoue and coworkers using a stoichiometric amount of diarylketone photosensitizer upon light irradiation.[@cit21] This transformation was an important step in the total synthesis of (+)-lactacystin (**11**) ([Scheme 5](#sch5){ref-type="fig"}).[@cit22] In 2017, Paul and Guin achieved the catalytic version of this C--H bond alkynylation with only 20 mol% of a diarylketone derivative under neat conditions.[@cit23]

![Radical alkynylation as a key step for the synthesis of (+)-lactacystin (**11**) by Inoue.](c9sc03033f-s5){#sch5}

Alkynylsulfones have also been used in multicomponent reactions. The trifluoromethylalkynylation of unactivated alkenes was first reported by Fuchs in 1996 ([@cit13]) and further developed by Li in 2017 ([Scheme 6](#sch6){ref-type="fig"}, eqn (1)).[@cit24] After a SET event, a CF~3~ radical is generated from Togni reagent I (**12**). Due to its electrophilic character, it reacts preferentially with the electron rich double bond, followed by alkynylation. This transformation was further developed by using only catalytic amount of Togni reagent II **13** with acetylenic triflones, allowing regeneration of the CF~3~ radical.[@cit25] Finally, Studer and coworkers used AIBN as radical initiator and allylsulfone as *N*-activating/protecting group, to generate a nitrogen-centered radical **I** (eqn (2)).[@cit26] This electrophilic radical favors a 1,5-HAT releasing a nucleophilic C-centered radical **II**, which is alkynylated. They then reported the desulfonylative alkynylation of alkylallylsulfones (eqn (3)). Primary, secondary and tertiary positions can be alkynylated, albeit in lower yields for primary radicals.[@cit27]

![Cascade alkynylation processes using alkynylsulfone reagents.](c9sc03033f-s6){#sch6}

In 2002, Oshima and coworkers developed the alkynylation of α-iodocarbonyl compounds using alkynylgallium reagents and triethylborane under oxygen ([Scheme 7](#sch7){ref-type="fig"}).[@cit28] The alkyne scope is broad, but the substrate scope is somewhat limited, as secondary radicals led to low yields. In 2005, Oshima and coworkers discovered that alkynylindium reagents have similar reactivity than alkynylgallium reagents.[@cit29] Since Oshima\'s discovery, new applications of alkynylindium and alkynylgalliums have appeared.[@cit30]

![SOMOphilic alkynylation using alkynylgallium reagents.](c9sc03033f-s7){#sch7}

In 2015, a SOMOphilic alkynylation using terminal alkynes in aqueous media was reported ([Scheme 8](#sch8){ref-type="fig"}).[@cit31] UV light irradiation allowed generation of alkyl radicals *via* homolytic cleavage of alkyliodides, which upon trapping by terminal alkynes formed vinyl iodides, after an overall ATRA (Atom-Transfer Radical Addition) process. The latter readily eliminates in presence of base to release the alkyne products.

![ATRA-elimination cascade for the alkylation of terminal alkynes.](c9sc03033f-s8){#sch8}

A direct cross-coupling of aryl alkynyliodines with arylsulfinic acids leading to alkynyl sulfones was reported by Wang and coworkers ([Scheme 9](#sch9){ref-type="fig"}).[@cit32] The proposed mechanism involved thermal homolytic cleavage of the C(sp)--I bond, leading to radicals, which can then abstract the labile hydrogen of the sulfinic acid. The resulting S-centered radical can then react with the alkynyliodide to form the alkynylsulfone along with regeneration of the iodine radical. A similar strategy was used by Li for the transition-metal free alkynylation of 2-oxindoles.[@cit33]

![Iodine radical mediated HAT process for the alkynylation of arylsulfinic acids.](c9sc03033f-s9){#sch9}

In 2012, a breakthrough was realized by Li and coworkers with the introduction of EBX reagents in the realm of radical C-alkynylation ([Scheme 10](#sch10){ref-type="fig"}).[@cit34] They developed a general decarboxylative alkynylation of aliphatic carboxylic acids using catalytic silver nitrate and stoichiometric amounts of potassium persulfate under aqueous conditions (products **15a--15e**). A classical addition--elimination mechanism was proposed for this reaction. Using similar reaction conditions developed by Li,[@cit34] Qi and coworkers reported a double decarboxylative radical alkynylation of arylpropiolic acids with α-ketoacids to access ynones.[@cit35]

![Silver catalyzed decarboxylative Csp^3^-alkynylation developed by Li and putative mechanism proposed by the authors.](c9sc03033f-s10){#sch10}

In 2014, Yu and coworkers documented the metal free C~α~--H alkynylation of protected amines and ethers using *tert*-butylhydroperoxide (TBHP) as oxidant ([Scheme 11](#sch11){ref-type="fig"}, eqn (1)).[@cit36] In 2016, this transformation was extended by Xu and Feng using di-*tert*-butylperoxide (eqn (2)).[@cit37]

![Alkynylation of unactivated C--H bonds using peroxides as radical initiators and EBX reagents.](c9sc03033f-s11){#sch11}

Since 2015, an increasing number of reports highlighted the exceptional reactivity of EBXs. First, the alkynylation of acyl radicals starting directly from aldehydes was achieved independently by several research groups using peroxides such as TBHP or DTBP at high temperatures ([Scheme 12](#sch12){ref-type="fig"}, eqn (1)).[@cit38] Similar valuable ynones were synthesized by Duan and coworkers upon the facile decarboxylation of α-keto acids under Li\'s oxidative conditions (eqn (2)).[@cit39] Almost simultaneously, Xu and Feng documented the same transformation without silver catalyst.[@cit40] The decarboxylative alkynylation of aryl- and thio-difluoroacetic acids was also successful.[@cit41]

![Radical alkynylation using EBX for the synthesis of ynones and ynamides.](c9sc03033f-s12){#sch12}

In 2018, Cheng and Li introduced Hantzsch esters (Z = ester) and Meyer nitriles (Z = CN) as radical precursors for SOMOphilic alkynylations under oxidative conditions ([Scheme 13](#sch13){ref-type="fig"}, eqn (1)).[@cit42] Such starting materials are easily obtained from the corresponding aldehydes. These oxidative conditions were also successful for the oxyalkynylation of alkenes, as reported by Liu and coworkers (eqn (2)).[@cit43] Water and alcohols can be introduced, thus generating attractive scaffolds in only one step.

![(1) Use of DHP as radical precursors for SOMOphilic alkynylation and (2) oxyalkynylation of alkenes using EBX reagents.](c9sc03033f-s13){#sch13}

Heteroatom-centered radicals initiated fragmentation is a powerful strategy to access alkyl radicals. In 2015, Duan and coworkers used persulfate radicals in a HAT process with cyclopropanols and cyclobutanols to generate *O*-centered radicals (intermediate **I**, [Scheme 14](#sch14){ref-type="fig"}, eqn (1)).[@cit44] Fragmentation to radical **II** followed by alkynylation led to β- or γ-alkynyl ketones. In 2016, α-alkenyl and α-ethynyl cyclobutanols were used in this cascade transformation by Chen and Yu (eqn (2)).[@cit45] In this case, an extra cyclization step occurs from **II** to **III**, before the final alkynylation.

![Ring-fragmentation-alkynylation cascades.](c9sc03033f-s14){#sch14}

The use of EBX reagents has open new possibilities in radical alkynylation, mainly based on oxidative conditions using peroxides and persulfates. These classical methods still have severe drawbacks: neat conditions for peroxide reactions, elevated temperatures, often large excess of both oxidant and reagent. With the ideal goal of having more broadly applicable alkynylation methods, milder conditions based on photoredox catalysis were developed.

3.. The photoredox catalysis revolution
=======================================

Photoredox catalysis harnesses the energy of visible light to promote single electron transfer (SET).[@cit46] The excited state of the photocatalyst can act both as an oxidant or reductant, depending on the other redox partners. This allows to use a broad variety of radical precursors, and to adapt the alkynylating reagent to close the catalytic cycle. The application of photoredox catalysis for the alkynylation of radicals has just started within the last seven years, yet a tremendous number of reports already showcased its importance.

In 2007, Osawa and Akita described the first alkynylation assisted by Ru(bpy)~3~(PF~6~)~2~.[@cit47] Under light irradiation, they observed that the copper free Sonogashira coupling between aryl bromides and terminal alkynes led to higher yields in shorter time when Ru(bpy)~3~(PF~6~)~2~ is used as co-catalyst. In 2012, independent studies from Stephenson, Rueping and Fu on the photoredox catalyzed alkynylation of tetrahydroquinolines (THQ) were published ([Scheme 15](#sch15){ref-type="fig"}).[@cit48] A copper([i]{.smallcaps}) catalyst is necessary for the alkynylation step. While Stephenson and Rueping chose Ru(bpy)~3~(PF~6~)~2~ as best photocatalyst, Fu found that Rose Bengal is also efficient. Stephenson used BrCCl~3~ as oxidant, whereas Fu and Rueping reported the use of oxygen as a greener oxidant. Later, Zeitler and coworkers reinvestigated the transformation using BrCCl~3~ and discovered that the photocatalyst was not necessary.[@cit49] In 2015, the enantioselective variant of this transformation was successfully achieved by Li and coworkers. The catalytic system involved a copper catalyst with the P--N chiral ligand QUINAP, the common Ir(ppy)~2~dtbbpyPF~6~ photocatalyst and either benzoyl peroxide or oxygen as oxidant.[@cit50] Concerning the mechanism, all the authors envisaged an iminium formation after oxidation of the electron rich tertiary amine by the excited state of the photocatalyst, and regeneration of the ground state photocatalyst by the external oxidant. *In situ* generation of copper acetylides followed by nucleophilic addition to the iminium delivered the alkyne products.

![Photocatalytic alkynylation of THQ derivatives using terminal alkynes and copper catalysis.](c9sc03033f-s15){#sch15}

In 2012, the Hwang group developed the cross coupling between terminal alkynes and aryl bromides (and aryl iodides) under light irradiation and oxygen atmosphere ([Scheme 16](#sch16){ref-type="fig"}, eqn (1)).[@cit51] They discovered that copper([i]{.smallcaps}) acetylides can be excited using blue light (*λ*~max~ = 460 nm). Using similar photocatalytic conditions, they also described the synthesis of symmetrical[@cit52] and unsymmetrical diynes (eqn (2) and (3)).[@cit53]

![Metal free Sonogashira and alkyne dimerization mediated by visible light.](c9sc03033f-s16){#sch16}

In 2017, a new synthesis of propargylic amines starting from α-amino *N*-acyloxyphthalimides was reported by Fu and coworkers using a photocatalytic system similar to the one of Rueping for THQ ([Scheme 17](#sch17){ref-type="fig"}, eqn (1)).[@cit54] However, after oxidative quenching, an α-amino radical is generated upon decarboxylation and an additional SET is proposed to oxidize it to the iminium. In 2018, Lalic and coworkers developed an alkyl-Sonogashira coupling catalyzed by a copper--tripyridine complex (eqn (2)).[@cit55]

![Visible light mediated alkyl--alkyne couplings using terminal alkynes.](c9sc03033f-s17){#sch17}

Terminal alkynes were also used in a Sonogashira coupling with diazonium salts based on dual gold photoredox catalysis by the Glorius group ([Scheme 18](#sch18){ref-type="fig"}, eqn (1)).[@cit56] They proposed that a low valent gold([i]{.smallcaps}) species could trap the formed aryl radical to give a gold([ii]{.smallcaps}) complex. Upon oxidation to gold([iii]{.smallcaps}), the latter would regenerate the ground state photocatalyst. Then, the gold([iii]{.smallcaps}) species reacts with the alkyne to form an aryl acetylide gold([iii]{.smallcaps}) complex, which readily undergoes reductive elimination. Using TMS protected alkynes and similar reaction conditions, the Toste group independently reported the same transformation (eqn (2)).[@cit57]

![Dual gold-photoredox catalyzed Sonogashira type coupling.](c9sc03033f-s18){#sch18}

In 2015, Hashmi and coworkers documented the use of the gold photocatalyst \[Au~2~(μ-dppm)~2~\](OTf)~2~**16** for the photoredox catalyzed alkynylation of α-amino C--H bonds with iodoalkynes ([Scheme 19](#sch19){ref-type="fig"}, eqn (1)).[@cit58] The excited state of the gold species is strongly reducing (--1.5 to --1.7 V). Therefore, the authors proposed an oxidative quenching by the 1-iodoalkyne (--1.29 V *vs.* Fc in MeCN), followed by regeneration of the ground state of the photocatalyst upon reduction by the tertiary amine. Finally, radical coupling (eqn (2)) between the α-amino radical (long lifetime) and the alkynyl radical (short lifetime) is envisioned. In 2019, Chan and coworkers reported the alkynylation of THQs derivatives using alkynylbromides and the same gold catalyst as reported by Hashmi.[@cit59]

![Gold photoredox catalyzed alkynylation using 1-iodo alkynes.](c9sc03033f-s19){#sch19}

An alternative mechanism in which an α-addition/β-elimination process is operative has also been proposed for other alkynylations using halogenoalkynes reagents, such as the alkynylation of (per)fluoroalkyl radicals or Hantzsch esters.[@cit60]

Alkynylsulfone reagents were not used before 2015 under photoredox conditions. Since then, they have been particularly successful in oxidative quenching transformations, which start with the oxidation of the excited state of the photocatalyst ([Scheme 20](#sch20){ref-type="fig"}). Chen and coworkers first used alkynyl sulfones for the alkynylation of alkyl radicals starting from *N*-(acyloxy)phthalimides (eqn (1)).[@cit61] The reaction is fast (30 min) and a broad variety of carboxylic acids are tolerated. Interestingly, this reaction is compatible with biomolecules. Using the same approach, Fu reported in 2016 the functionalization of side chains for the synthesis of chiral unnatural amino acids.[@cit62] Later König and coworkers improved the reaction of Chen by using Eosin Y as a replacement of Ru(bpy)~3~^2+^.[@cit63] In 2016, Fu and coworkers harnessed the radical fragmentation of *N*-phthalimidoyl oxalates, first introduced by Overman,[@cit64] for the preparation of alkynylated quaternary centers (eqn (2)).[@cit65] In 2018, the Gryko lab developed a metal free deaminative alkynylation using reaction conditions similar to those of König (eqn (3)).[@cit66] The use of alcohols and primary amines greatly expanded the scope of radical precursors that can be used in SOMOphilic alkynylation.

![Photoredox catalyzed alkynylation using alkynylsulfones.](c9sc03033f-s20){#sch20}

Arylalkynylsulfones were also used in a radical cyclization/alkynylation cascade by Rueping and coworkers ([Scheme 21](#sch21){ref-type="fig"}).[@cit67] Upon a PCET event realized by fine tuning the photocatalyst and base ({Ir(dFCF~3~ppy)~2~bpy}PF~6~ and NBu~4~(OMe)~2~PO~2~ is the best combination), a nitrogen-centered radical is generated and can easily add onto alkenes to form a 5-membered ring along with an alkyl radical, which reacts with alkynylsulfones. Another example of photoredox catalyzed difunctionalization of alkenes using arylalkynylsulfones is the three components alkynyl difluoroalkylation reported by Zhu.[@cit68]

![Intramolecular aminoalkynylation of alkenes using alkynylsulfones.](c9sc03033f-s21){#sch21}

Finally, a major impact of the use of photoredox catalysis for radical alkynylation was realized using EBX reagents. In 2014, a breakthrough was made by Chen and coworkers: they introduced EBX as suitable reagent for the photoredox catalyzed alkynylation of organotrifluoroborate salts using Ru(bpy)~3~(PF~6~)~2~ ([Scheme 22](#sch22){ref-type="fig"}).[@cit69] An excess of trifluoroborates (3.0 equiv.) was needed for some specific alkynylations, for example with alkyl or TIPS substituents. The method developed was very robust and could be even run in phosphate buffers in presence of biomolecules such as proteins and DNA.

![Chen\'s photoredox catalyzed deboronative alkynylation.](c9sc03033f-s22){#sch22}

The reaction starts upon homolytic cleavage of a catalytic amount of hypervalent iodine reagent **18** (BIOH, 0.05 equiv.), and then turnover is possible due to the generation of a benziodoxolonyl radical **I** from the EBX reagent ([Scheme 23](#sch23){ref-type="fig"}). Based on Stern--Volmer studies, and the fact that **I** should be easily reduced, oxidative quenching of Ru([ii]{.smallcaps})\*, would give 2-iodobenzoate **19** along with Ru([iii]{.smallcaps}). Oxidation of potassium organotrifluoroborate salts by the strongly oxidizing Ru([iii]{.smallcaps}) generates alkyl radicals, which can then be alkynylated. An α-addition -- β-elimination pathway was proposed by the authors and labelling experiments with a ^13^C reagent confirmed the regioselectivity of the radical addition.

![Proposed mechanism for the deboronative alkynylation using photoredox catalysis and EBXs.](c9sc03033f-s23){#sch23}

After this first work, the visible light driven decarboxylative alkynylation of α-keto acids was documented independently by two groups ([Scheme 24](#sch24){ref-type="fig"}). A cooperative system using photoredox catalysis, EBX reagents and the stoichiometric oxidant BIOAc **20** was described by Chen (eqn (1));[@cit70] while catalytic amount of BIOH **18** in combination with bromoalkynes under sunlight irradiation was used by Wang (eqn (2)).[@cit71] The authors proposed an *in situ* generation of EBX reagents.

![Photoredox catalyzed decarboxylative alkynylation of oxamic and keto-acids using hypervalent iodine reagents.](c9sc03033f-s24){#sch24}

In 2015, our group[@cit72] and Xiao group[@cit73] reported independently the decarboxylative alkynylation of free carboxylic acids under visible light irradiation with an iridium photocatalyst using EBX reagents ([Scheme 25](#sch25){ref-type="fig"}). This transformation was very general allowing good yields for the transfer of silyl-, aryl- and alkyl-substituted alkynes. α-amino and α-oxy acids were the best substrates, while synthetically useful yields could still be achieved with less reactive aliphatic carboxylic acids. Xiao and coworkers also reported a decarboxylative carbonylative alkynylation under high pressure of CO (60 bars) to access ynone products. Cheng and coworkers described a metal free variation of this transformation using DCA as organic dye.[@cit74]

![Photoredox catalyzed decarboxylative (carbonylative) alkynylation using EBX reagents.](c9sc03033f-s25){#sch25}

Using photoredox catalyzed decarboxylative alkynylation, our group developed in 2019 the C-terminal selective bioconjugation of peptides ([Scheme 26](#sch26){ref-type="fig"}).[@cit75] The use of tetra(carbazolyl)isophthalonitrile (4CzIPN) as dye allowed a metal free, fast (30 min) and selective C-terminus alkynylation on peptides up to hexamers. Introduction of alkynes bearing bioorthogonal groups such as azides or terminal alkynes was possible, and a broad functional group tolerance was observed.

![C-terminal bioconjugation of peptides using photoredox catalyzed decarboxylative alkynylation.](c9sc03033f-s26){#sch26}

In 2016, Chen and coworkers described the remote alkynylation of tertiary cyclopropanols and cyclobutanols using hypervalent iodine activation in combination with photoredox catalysis ([Scheme 27](#sch27){ref-type="fig"}, eqn (1)).[@cit76] The formation of a highly reactive *O*-centered radical triggered a β-scission and released the β- or γ- alkylketone radical. The β-scission was also successful in the case of non cyclic alcohols with two aryl substituents in α position. Soon after, the same strategy was employed to access acyl radical *en route* to ynones using reagent **21** (eqn (2)).[@cit77] In 2018, phosphorous-centered radicals were generated using a similar β-scission of *O*-centered radical to access phosphonoalkynes.[@cit78]

![Photoredox catalyzed alkynylation *via* β-scission of O radicals.](c9sc03033f-s27){#sch27}

In 2017, Glorius and coworkers harnessed the potential of the (iodo)benzocarboxyl radical as HAT reagent in the photoredox catalyzed C--H alkynylation of aldehydes and formamides using EBX reagents ([Scheme 28](#sch28){ref-type="fig"}).[@cit79]

![Ynones synthesis *via* photoredox alkynylation of aldehydes.](c9sc03033f-s28){#sch28}

In 2017, new transformations based on the reactivity of nitrogen-centered radicals were developed. First, Leonori and coworkers reported iminyl radical driven cascades under photoredox catalysis ([Scheme 29](#sch29){ref-type="fig"}).[@cit80] Photoredox oxidation of the carboxylic acid activating group gives radical **I**. Decarboxylation, acetone extrusion, and cyclization of iminyl radical **II** forms a alkyl radical **III**. The latter is nucleophilic and therefore well suited for further functionalization with various somophilic reagents, especially EBXs for the efficient transfer of alkynes.

![Use of EBX reagents in photoredox catalyzed cascades by Leonori.](c9sc03033f-s29){#sch29}

Soon after, the remote alkynylation of oxime ethers upon photoredox catalyzed cascade (decarboxylation/fragmentation/alkynylation) was successfully reported by our group using a similar activation strategy ([Scheme 30](#sch30){ref-type="fig"}, eqn (1)).[@cit81] The best yield of alkynylnitrile was obtained with the new chlorinated 4ClCzIPN photocatalyst (**24**). Simultaneously, Castle and coworkers have developed the microwave-assisted fragmentation of oximes ethers (eqn (2)).[@cit82] Only one example was reported using EBX, delivering δ-ethynylnitrite **26** in 54% yield.

![Iminyl radical initiated fragmentation for remote alkynylation.](c9sc03033f-s30){#sch30}

Leonori and coworkers successfully developed a remote alkynylation of aliphatic amides ([Scheme 31](#sch31){ref-type="fig"}, eqn (1)).[@cit83] The generated amidyl radical is used to abstract the hydrogen at the delta position (1,5-HAT). The resulting nucleophilic δ-amidoalkyl radical can finally be alkynylated using EBX reagents. A MCR aminoalkynylation of alkenes was achieved by Studer and coworkers using the same activating group in 2019 (eqn (2)).[@cit84]

![Use of EBX reagents in photoredox catalyzed cascades by Leonori and Studer.](c9sc03033f-s31){#sch31}

The mechanism of the reaction of alkyl radicals with EBX reagents was studied by our group in 2017 using DFT calculations ([Scheme 32](#sch32){ref-type="fig"}).[@cit85] Depending on the substituent of the alkyne, two possible transition states involving the iodine atom and different carbons of the alkyne could be operative: (1) **TS-I** with the C-α atom of the alkyne (a); direct product formation is favored, without a vinyl radical intermediate **I** as proposed previously; (2) **TS-II** with the C-β atom of the alkyne (b); an addition/elimination sequence *via***II** would form a carbene **III**, which upon subsequent 1,2-shift would lead to the alkyne product. An additional SET event base on the oxidative properties of hypervalent iodine reagents was also calculated (**TS-III**). However, the collapse of radical anion **IV** into the iodanyl radical and the acetylide **V** is too high in energy to be competitive. Sterics and electronics of both the radical and the substituent on the EBX reagents are crucial to determine which pathway is operative. For example, Chen and coworkers did a C13 labelling experiment in their photoredox catalyzed deboronative alkynylation using Ph-EBX showing that the reaction proceeds *via* α-addition.[@cit69] They then developed modified reagents in order to increase the radical transfer ability of EBX reagents, with the best result obtained when introducing two methoxy groups on the benzene ring.[@cit86]

![Mechanistic details of the alkynylation step of alkyl radicals using EBX reagents involving either a concerted α-addition (a), a β-addition (b) or a SET pathway (c).](c9sc03033f-s32){#sch32}

4.. Transition metal catalyzed alkynylation of alkyl radicals
=============================================================

During the last few years, the use of transition metals that can promote SET events has known a growing interest and constitutes an interesting alternative to photoredox chemistry. Transition metals have been used for radical generation only, or in a dual function of radical generation followed by radical capture and alkynylation upon reductive elimination. Oshima and coworkers reported the radical alkynylation of alkyl iodides using a cobalt catalyst and ethynylmagnesium bromide reagents in 2006 ([Scheme 33](#sch33){ref-type="fig"}).[@cit87] A SET event between the iodides and the Co catalyst releases the alkyl radical, which can then be trapped by the low valent Co species. Finally, transmetallation with the Grignard reagents followed by reductive elimination affords the alkyne products.

![SOMOphilic alkynylation using ethynylmagnesium bromide reagents and Co catalyst.](c9sc03033f-s33){#sch33}

A decade later, nickel has emerged as one of the most promising metal for such strategy. By fine tuning the ligands, the redox properties of the Ni complexes can be optimized, thus allowing efficient SET events. Radical capture can then occur, giving access to Ni([iii]{.smallcaps}) species prone to reductive elimination. Weix and coworkers reported a cross coupling of two electrophiles: *N*-acyloxyphthalimides and bromoalkynes ([Scheme 34](#sch34){ref-type="fig"}, eqn (1)).[@cit88] Regeneration of the catalyst was realized by reduction with Mn. Simultaneously, Baran and coworkers used nucleophilic sources of alkynes to alkynylate alkyl radicals generated after reduction of *N*-acyloxyphthalimides by a transition metal (eqn (2)).[@cit89] Two sets of conditions were reported: (1) a nickel catalyst and alkynylzincates were found to be efficient for the preparation of terminal alkynes; (2) the combination of an iron catalyst and Grignard reagents at --15 °C allowed the synthesis of internal alkynes.

![Nickel- and iron-catalyzed alkynylation of *N*-acyloxyphthalimides.](c9sc03033f-s34){#sch34}

Lei and coworkers reported in 2016 a Ni/Cu/Ag system for Csp^3^--H/Csp--H coupling with a broad scope of terminal alkynes ([Scheme 35](#sch35){ref-type="fig"}, eqn (1)).[@cit90] However, the alkyl substrates were used as cosolvent to ensure good yields. The same group reported latter the alkynylation of various alkyl radicals using a similar multimetallic system (eqn (2)).[@cit91] The use of copper and silver salts is crucial for the generation of the alkyl radicals and acetylides. Then, an iron or nickel catalyst is required to promote coupling, affording the alkynylated products.

![Multimetallic system for alkyl--alkynes cross coupling using terminal alkynes.](c9sc03033f-s35){#sch35}

In 2017, a hydroalkynylation of alkenes was reported by Cui and Liu using Fe(acac)~3~ with silanes and bromoalkynes ([Scheme 36](#sch36){ref-type="fig"}, eqn (1)).[@cit92] An α-addition/β-elimination sequence was proposed for the alkynylation step. In 2018, Liu and coworkers described a remote alkynylation method starting from alkylhydroperoxides and acetylenic triflones (eqn (2)).[@cit93] Finally, Shi and coworkers developed the iron-catalyzed C~α~ radical alkynylation of tertiary amines (eqn (3)).[@cit94]

![Recent iron-catalyzed SOMOphilic alkynylations.](c9sc03033f-s36){#sch36}

Wang and Shen described the aminoalkynylation of alkenes based on the copper catalyzed cyclization of tethered alkenyl Weinreb amides ([Scheme 37](#sch37){ref-type="fig"}, eqn (1)).[@cit95] Radical intermediates could be generated through the thermal homolytic cleavage of alkyl--Cu([ii]{.smallcaps}) species. The radical nature of the reaction was supported by TEMPO-radical trap experiments as well as radical clock experiments. In 2018, an extension of this work was reported for the radical cyclization alkynylation of unsaturated ketoximes (eqn (2) & (3)).[@cit96] Depending of the position of the oxime (β--γ or γ--δ), either C--O bond or C--N bond formation was obtained.

![Copper-catalyzed radical cyclization--alkynylation of alkenes.](c9sc03033f-s37){#sch37}

In 2016, Zhu and coworkers reported the use of a Mn([iii]{.smallcaps}) catalyst with Dess--Martin Periodinane or PIDA as oxidant for the cleavage of cyclobutanols at room temperature yielding nucleophilic γ-alkylketone radicals ([Scheme 38](#sch38){ref-type="fig"}, eqn (1)).[@cit97] In presence of acetylenic sulfones, efficient alkynylation was observed. In 2018, Maruoka and coworkers developed a fragmentation/alkynylation cascade of larger cycloalkanols using a copper catalyst and preoxidized starting materials (cycloalkylsilylperoxides) (eqn (2)). Interestingly, terminal alkynes could be use in this transformation, and one example of non-cyclic substrate is reported.[@cit98]

![Manganese- and copper-catalyzed radical fragmentation-alkynylation cascade.](c9sc03033f-s38){#sch38}

5.. Asymmetric methodologies
============================

Inoue and coworkers reported in 2015 an extension of their radical alkynylation using alkynylsulfones and a photosensitizer with chiral reagents leading to propargyl amines with enantiomeric ratio up to 89 : 11.[@cit99] However, this approach requires stoichiometric amount of the chiral sulfoximine reagents, which are synthesized in several steps. Concerning catalytic approaches, Li and coworkers described in 2015 the copper-catalyzed addition of acetylides on iminiums generated *in situ* from THQ compounds using photoredox catalysis ([Scheme 15](#sch15){ref-type="fig"}, p. 5).[@cit50] In 2017, Zhang and Luo reported the asymmetric alkynylation of activated carbonyl compounds using dual organophotoredox catalysis with hypervalent iodine reagents in combination with a chiral amine catalyst ([Scheme 39](#sch39){ref-type="fig"}).[@cit100] Condensation of chiral amine catalyst **30** with a β-keto ester forms first an enamine, which upon oxidation and deprotonation can delivered a chiral α-iminyl radical **II**. Simultaneously, *in situ* formation of highly reactive carboxylate hypervalent iodine reagents **I** from ynoic acids and hydroxybenziodoxolone **18** is important: radical alkynylation may be assisted by H-bonding, thus delivering the alkynes with high enantiomeric excess, albeit in low to medium yields.

![Asymmetric alkynylation using organocatalysis, photoredox catalysis and hypervalent iodine reagents.](c9sc03033f-s39){#sch39}

Finally, Liu and coworkers reported an enantioselective trifluoromethylalkynylation of alkenes using Togni I reagent (**12**), alkynyl--Si(OMe)~3~, Cu(CH~3~CN)~4~BF~4~ and Box ligand **31** ([Scheme 40](#sch40){ref-type="fig"}).[@cit101] Upon a SET event, a CF~3~ radical is generated and adds onto the styrene derivative, affording a benzylic radical. The chiral Cu([ii]{.smallcaps}) acetylide complex is then able to capture the benzylic radical, thus leading to a highly reactive Cu([iii]{.smallcaps}) intermediate **I**. Finally, fast reductive elimination allows the formation of chiral benzylic alkynes in good yield and high ee.

![Catalytic asymmetric trifluoromethylalkynylation of alkenes using a copper catalyst and a Box ligand **30**.](c9sc03033f-s40){#sch40}

6.. Migration
=============

A very recent strategy for radical alkynylation is based on alkynyl migration. It has been first introduced independently by Zhu[@cit102] and Studer,[@cit103] in a visible light driven alkynyl migration starting from tertiary propargylic alcohols ([Scheme 41](#sch41){ref-type="fig"}). The trifluoromethylalkynylation of alkenes can be achieved using the photoredox catalyst *fac*-Ir(ppy)~3~ and Umemoto\'s reagent (**32**) (eqn (1)), while the perfluoroalkyl alkynylation of alkenes is realized using perfluoroalkyliodides and DABCO, *via* a radical chain propagation (eqn (2)). Later, using the same strategy, Xie and Zhu extended their work to the difluoroalkylalkynylation of alkenes using various bromine reagents.[@cit104]

![Visible light mediated 1,4- and 1,5-alkynyl migration.](c9sc03033f-s41){#sch41}

In 2018, Jiang and coworkers reported a 1,2 alkynyl migration using 1,4-enynes and cycloalkanes ([Scheme 42](#sch42){ref-type="fig"}, eqn (1)).[@cit105] The proposed mechanism included an "anti-Baldwin" 3-*exo*-dig cyclization for the alkynyl migration. A catalytic system composed of iron([ii]{.smallcaps}) chloride and DTPB at elevated temperature allowed the generation of alkyl radicals upon a HAT process. A 1,3-alkynyl migration was then reported for the stereospecific synthesis of (*Z*)-2-amino conjugated enynals/enynones (eqn (2)).[@cit106] This transformation is promoted by a copper catalyst and NFSI derivatives. A radical aminoalkynylation--oxidation cascade was proposed by the authors.

![1,2 and 1,3-alkynyl migration of propargyl alcohols.](c9sc03033f-s42){#sch42}

Promising preliminary results have been recently obtained using electrochemical methods as an alternative to photoredox catalysis. Pan and coworkers used it for the sulfonylation/alkynylation of unactivated alkenes *via* 1,4-alkynyl migration ([Scheme 43](#sch43){ref-type="fig"}).[@cit107]

![Electrochemical method for the sulfonylation--alkynylation of unactivated alkenes *via* 1,4-alkynyl migration.](c9sc03033f-s43){#sch43}

7.. Conclusion/outlook
======================

In [Fig. 3](#fig3){ref-type="fig"}, a chronological representation of our personal choice of milestones achieved in radical alkynylation is presented. The first alkynylation of radical was reported in 1986 by Russel using sulfone reagents and UV light. In the 90\'s, Fuchs and coworkers did important developments for the alkynylation of either C--H or C--I bond, including mechanistic studies and applications in total synthesis. In 2002, Oshima and coworkers developed organo--gallium and --indium reagents for the alkynylation of electrophilic radicals. In 2012, EBX reagents were introduced as radical alkynylating reagents, together with broadly applicable oxidative decarboxylative conditions. Since then, the number of reports of alkynylations has known an exponential growth. This is also due to two other important breakthroughs in radical generation based on photoredox and non-redox innocent transition metal catalysis (Cu, Co, Ni, Fe). These novel modes of activation allowed new applications such as the asymmetric alkynylation of radicals and the functionalization of peptides.

![Personal choice of important breakthroughs in SOMOphilic alkynylation over the last three decades.](c9sc03033f-f3){#fig3}

With this impressive progress, the field of radical alkynylation is not anymore in its infancy. Nevertheless, breakthroughs are still needed, especially for:

\(i\) Broadly applicable enantioselective transformations.

\(ii\) Applications on complex (bio)molecules such as natural products and peptides/proteins.

\(iii\) Atom-economical transformations directly from terminal alkynes in cases currently limited to the use of pre-formed reagents.

\(iv\) Multi-bond forming processes, such as cascade and multi-component reactions, giving access to more complex, natural-product- or drug-like scaffolds.

\(v\) More in-depth mechanistic studies.

\(vi\) The use of other techniques to generate and control the reactivity of radicals, such as electro- and flow-chemistry, the latter especially in the case of photoredox-based methods.
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